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Abstract 31 
High-resolution 2D and 3D seismic data from Opouawe Bank, an accretionary ridge on the 32 
Hikurangi subduction margin off New Zealand, show evidence for exceptional gas migration 33 
pathways linked to the stress regime of the ridge. Although the ridge has formed by thrusting and 34 
folding in response to a sub-horizontal principal compressive stress (σ1), it is clear that local 35 
stress conditions related to uplift and extension around the apex of folding (i.e. sub-vertical σ1) 36 
are controlling shallow fluid flow. The most conspicuous structural features are parallel and 37 
horizontally-elongated extensional fractures that are perpendicular to the ridge axis. At shallower 38 
depth near the seafloor, extensional fractures evolve into more concentric structures which 39 
ultimately reach the seafloor where they terminate at gas seeps. In addition to the ridge-40 
perpendicular extensional fractures, we also observe both ridge-perpendicular and ridge-parallel 41 
normal faults. This indicates that both longitudinal- and ridge-perpendicular extension have 42 
occurred in the past. The deepest stratigraphic unit that we image has undergone significant 43 
folding and is affected by both sets of normal faults. Shallower stratigraphic units are less 44 
deformed and only host the ridge-parallel normal faults, indicating that longitudinal extension 45 
was limited to an older phase of ridge evolution. Present-day gas migration has exploited the 46 
fabric from longitudinal extension at depth. As the gas ascends to shallower units it ‘self-47 
generates’ its flow pathways through the more concentric structures near the seafloor. This shows 48 
that gas migration can evolve from being dependent on inherited tectonic structures at depth, to 49 
becoming self-propagating closer to the seafloor. 50 
 51 
 52 
 53 
 54 
 55 
 56 
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1. Introduction 57 
The relationship between gas migration, gas hydrates and seafloor seepage has implications 58 
for the understanding of subduction zone processes and the interaction between the global carbon 59 
reservoir and seabed ecology. Comprehending the mechanics of fluid migration at subduction 60 
zones is important as fluid exerts control on interplate seismogenesis (Ranero et al., 2008). Fluid 61 
migration also has a significant impact on the distribution of carbon in the subsurface and the 62 
amount of carbon leaking from the seafloor (Berndt, 2005) and thereby cold seep systems 63 
(Hovland, 2002; MacDonald et al. 2003; Sibuet und Olu-Le Roy, 2003). Gas seepage from 64 
marine sediments comprises a differentiated system from the source and the plumbing structures, 65 
to seep structures at the seabed (e.g. Talukder, 2012; Andresen, 2012; Hustoft et al., 2007; 66 
Karstens and Berndt, 2015; Løseth et al., 2011; Xu et al., 2018). The migration of fluids or gas 67 
can also provide insights into processes of tectonic deformation, the reduction of porosity and 68 
compaction of the sedimentary sequences (Aiello, 2005; Bolton and Maltman, 1998); 69 
Kvenvolden, 1993). 70 
Plumbing or hydrocarbon leakage systems (Cartwright et al., 2007; Løseth et al., 2009; 71 
Løseth et al., 2011; Andresen, 2012) from the reservoir to the seabed are associated with 72 
structural migration along faults and fractures or stratigraphically-controlled migration (Talukder, 73 
2012; Plaza-Faverola et al., 2015; Vadakkepuliyambatta et al., 2013). Seismic reflection imaging 74 
is an ideal way to investigate the nature of gas-charged fluid migration beneath the seafloor, since 75 
focused flow can have profound effects on the reflectivity of sediments. Vertical fluid flow 76 
conduits crosscutting the sedimentary strata are often termed seismic pipes or chimneys and 77 
usually appear as columnar zones of seismic blanking, turbidity or reduced amplitudes, caused by 78 
absorption and scattering of acoustic energy by the gas charged sediments (e.g. Judd and 79 
Hovland, 1992; Riedel et al., 2002; Gay et al., 2007; Løseth et al., 2009, Husthoft et al., 2010; 80 
Karstens and Berndt, 2015; Plaza-Faverola et al., 2015). Migrating fluids that are expelled at the 81 
seabed into the water column are often linked to various seafloor features, such as seep fauna, 82 
carbonate precipitates, mud volcanos, pockmarks, mounds and seabed domes (e.g. Hovland and 83 
Judd, 1988 and references therein). 84 
On the Hikurangi margin, off New Zealand’s North Island, several areas with multiple seep 85 
sites are present (Greinert et al., 2010; Barnes et al., 2010) on the crests of anticlinal ridges 86 
situated in 700 - 1200 m water depth. Seeps in these water depths are within the gas hydrate 87 
stability zone (GHSZ) and both structurally and stratigraphically controlled fluid migration 88 
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systems are sustaining the seep sites on these thrust-folded accretionary ridges (Barnes et al., 89 
2010; Crutchley et al., 2010; Krabbenhoeft et al., 2013). At active margins in the accretionary 90 
wedge, overpressure is in most cases not sufficient to induce hydrofracturing and fluid flow is 91 
mainly initiated by external factors and tectonic stress (Aiello, 2005; Bolton and Maltman, 1998; 92 
Talukder, 2012).  93 
In this study we investigate the nature of gas-charged fluid flow beneath Opouawe Bank, an 94 
accretionary ridge at the Hikurangi Margin (Figure 1), which is host to 13 seep sites (Greinert et 95 
al., 2010). Since these seep sites sustain diverse biological communities and might point to 96 
concentrated gas hydrate deposits at depth, we seek to understand which geological conditions 97 
favor such focused fluid flow. Using 3D seismic data, our objective is to image and map out the 98 
specific structures that allow such prolific gas migration through the gas hydrate layer. Our 99 
results will give insight into the local stress conditions beneath the ridge and how they relate to 100 
the mechanics of gas migration. 101 
 102 
2. Geological setting 103 
The 25 Myr old active Hikurangi Margin off eastern North Island, New Zealand, is the 104 
southernmost expression of the Tonga-Kermadec-Hikurangi subduction zone, where westward 105 
subduction accommodates oblique convergence between the Pacific Plate and the Australian 106 
Plate. At present, the subduction rate is 49 mm/yr at 37°S and declines southwards to 40 mm/yr 107 
at 42°S. Southwest of 42°S, strike slip motion begins to dominate (DeMets et al., 2010; Collot et 108 
al., 1996; Beavan et al., 2002; Barnes et al., 2010).  109 
Subduction is increasingly more oblique southwards as a result of variation in the plate 110 
boundary orientation and the direction of the relative motion between the plates (Wallace et al., 111 
2012). Thus, the margin-normal component of the plate motion decreases southwards and is 112 
about 20 mm/yr at the Wairarapa study area (Figure 1), located near the narrowest part of the 113 
margin. Most of the margin-normal component is accommodated by the subduction thrust 114 
(Barnes and de Lépinay, 1997; Wallace et al., 2012), while the margin-parallel component (about 115 
30 mm/yr in the southern North Island) constitutes strike-slip faulting in the upper plate and 116 
forearc block rotation (Beanland and Haines, 1998; Wallace et al., 2004; Wallace et al, 2012). 117 
The accretionary wedge narrows from about 80 km in the central part of the margin to about 118 
13 km at the southern end and thus displays abundant frontal accretion under very oblique 119 
convergence. The accretion has led to the formation of right-stepping, thrust-faulted and folded 120 
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anticlinal ridges parallel to the margin that stand up to 1 km above the surrounding seafloor 121 
(Barnes and de Lépinay, 1997). Opouawe Bank, a SW-NE trending oval-shaped bathymetric 122 
high, is one of these ridges in the Wairarapa area, culminating in about 1000 m water depth 123 
(Barnes et al., 2010). Separated from the continental slope by erosive canyons (Lewis, et al. 124 
1998) and delimited in the south by the Hikurangi Trough (Barnes et al., 2010), the SE flank of 125 
Opouawe Bank is characterized by gullies and the NW flank by translational landslide scars (Law 126 
et al., 2010). The most recent sediments on the ridge top are hemipelagic mud and turbidity 127 
current overspill deposits (Lewis et al., 1998; Luo et al., 2016). The tectonic structure of the 128 
Wairarapa area is dominated by three major sub-parallel fault systems; these are, from north to 129 
south, the strike-slip Boo Boo Fault, and the Opouawe-Uruti and Pahaua thrust faults (Barnes and 130 
de Lépinay, 1997; Barnes et al., 2010). These faults separate the major topographic elevations 131 
named Palliser Bank, Pahaua Bank, and Opouawe Bank from each other (Mountjoy et al., 2009). 132 
Opouawe Bank is situated at the northern margin of the Pegasus Basin, which itself is a thick 133 
(~9000 m) succession of Albian-Recent sediments that have accumulated south and east of the 134 
actively deforming Hikurangi margin (Bland et al., 2015). Large areas of the Pegasus Basin south 135 
of Opouawe Bank were explored for oil and gas by Anadarko Petroleum Company from early 136 
2013 until December 2016, at which time the company relinquished its exploration permit. 137 
Possible source rocks in the region include marine shales from the Late Cretaceous Whangai 138 
Formation and the Late Palaeocene Waipawa Formation (Uruski and Bland, 2011). Gas 139 
accumulations are widespread throughout the basin and northwards into the accretionary wedge 140 
(Plaza-Faverola et al. 2012; Crutchley et al. 2015). Although Petroleum systems modelling 141 
indicates the potential for thermogenic gas generation and migration (Kroeger et al. 2015), gas 142 
compositions from gravity cores at Opouawe Bank indicate a purely biogenic source for gas that 143 
is migrating through the GHSZ (Koch et al. 2015). The two closest offshore petroleum 144 
exploration wells to this study are ‘Tawatawa-1’ and ‘Titihaoa-1’, which lie more than 150 km to 145 
the northeast and in water depths that are well inboard of the gas hydrate system. Highly-146 
deformed strata within the wedge and large offsets across thrust ridges preclude any seismic 147 
stratigraphic ties from these wells into our study area. 148 
 Opouawe Bank lies entirely within the GHSZ, and multi-channel seismic (MCS) data 149 
show a bottom simulating reflection (BSR) underlying the flanks in the southwest and northeast 150 
and beneath the crest (Netzeband et al., 2010; Plaza-Faverola et al. 2012; Krabbenhoeft et al., 151 
2013). Acoustic manifestations of the subsurface gas migration structures from MCS data have 152 
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been reported by a number of authors (e.g. Law et al., 2010; Netzeband et al., 2010; Plaza-153 
Faverola et al., 2012; Krabbenhoeft et al. 2013; Koch et al., 2015); the general mechanism of 154 
methane migration through the GHSZ at Opouawe Bank was described as structurally controlled 155 
(Law et al., 2010; Krabbenhoeft et al., 2013) and Law et al. (2010) concluded that fluid venting is 156 
promoted by geological features that include extensional faults, fracture networks and particular 157 
stratigraphic pathways. The source depth of the biogenic methane that feeds the seep sites is 158 
about 1500-2100 meters below the seafloor (Koch et al., 2016) and the upward migration of 159 
methane is influenced by anticlinal focusing (Law et al., 2010). In the upper 100 m below the 160 
seafloor, different evolutionary stages in individual gas migration structures and gas-controlled 161 
seafloor doming have been reported (Koch et al., 2015). 162 
 163 
3. Methods 164 
Reflection seismic data were acquired during the Nemesys Project aboard R/V SONNE 165 
(expedition SO214, Bialas et al., 2011). The seismic source was a single 210 in3 GI gun operated 166 
in harmonic mode with a shot interval of 5s. The frequency spectrum of the fully processed 3D 167 
data is 30-240 Hz. The recording system was GEOMAR's 3D P-cable system consisting of 16 168 
parallel towed streamers (8 channels each, group spacing of 1.5 m) at a cross-distance of 12.5 m. 169 
Thus, the receiver spread (spanning 200 m x 12 m) could measure a footprint of 100 m x 6 m. 170 
With a sail line spacing of 50 m, the 3D P-cable survey covers an area of 3 km x 8 km. 171 
Additionally, a 2D survey configuration with one 200 m (128 channels at 1.5 m) long streamer 172 
was used with the same source to acquire a set of 2D seismic profiles. The main processing steps 173 
for the reflection seismic data included navigation correction for source and receiver positions, 174 
trace editing, frequency and velocity filtering. The 2D profiles were binned along a crooked line 175 
with cell size of 1.5 m. After stacking with water velocity, a Kirchhoff post-stack time migration 176 
was applied using a representative velocity function derived from a 2D multichannel seismic line 177 
crossing the study region (location see Figure 1). The regional MCS velocities were further 178 
extrapolated across the 3D data coverage area accounting for bathymetric changes in the seafloor 179 
as well as the depth of the BSR (Schröder, 2013; Koch et al., 2013). The P-cable 3D data were 180 
then migrated based on the velocity cube using a full 3D FX time migration algorithm. The very 181 
small offset-to-depth ratio of the 2D and 3D data justified using a constant water velocity for 182 
stacking prior to migration due to insignificant travel time move-out. 183 
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The 3D seismic data processing included an additional “deghosting”, specifically developed 184 
for the P-Cable acquisition (see Appendix). This process was applied before migration of the 3D 185 
data. Binning and stacking in a regular 3D grid with a cell size of 3.125 x 3.125 m provided the 186 
input for time migration and subsequent similarity/coherency processing. 187 
To aid seismic interpretation, we calculated similarity volumes from the 3D seismic data 188 
using the RockSolid attribute package (Taner, 2003) within Kingdom Suite (IHS; 189 
www.ihs.com/products/kingdom-seismic-geological-interpretation-software.html). The similarity 190 
is the coherence of each trace over a defined window length (in our case chosen to be 40 ms) and 191 
was computed by comparing the data in a time-window, with data in the equivalent windows of 192 
neighboring traces. Hence, similarity highlights discontinuities in the data, such as faults, 193 
fractures and unconformities (Chopra and Marfurt, 2007). Elongated structures and faults seen 194 
within the 3D data were picked on time-slices of the similarity volume within Kingdom Suite. 195 
The various azimuths of these structures were then used to generate rose-diagrams within Matlab.  196 
 197 
 198 
4. Results 199 
4.1 Sedimentary units  200 
The seismic data (Figure 2) across Opouawe Bank display well-stratified sedimentary units. 201 
We defined a total of four stratigraphic units based on the seismic reflectivity pattern and 202 
amplitude character. Unit boundaries are unconformities, in part erosional surfaces (e.g. between 203 
Unit 2 and Unit 1). The depositional character and tectonic deformation of the sedimentary layers 204 
suggest that the lowermost Unit 1 consists of older folded and accreted sediments. Above this 205 
unit, all other sedimentary sequences are structurally less deformed and generally suggest 206 
depositional styles in the form of contourites.  207 
4.2 Normal faulting 208 
The sediment packages comprising the four stratigraphic units are cut by numerous normal 209 
faults. Normal faults within the lower-most Unit 1 show two prominent strike orientations 210 
(Figure 3): one set of faults strikes in a NNE-SSW trend whereas a second set strikes in an 211 
approximately ridge-parallel orientation (ENE-WSW). Normal faults within Units 2 – 4 strike 212 
solely in the ridge-parallel orientation, i.e. from ESE to WNW (Figure 4). Strike orientations of 213 
faults within each stratigraphic unit are visualized as rose-diagrams in Figure 5. 214 
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The dips of the normal faults are mostly towards the centre of Opouawe Bank, i.e. to the NW 215 
at the seaward limit, or to the SE at the landward limit of the ridge. The normal faults also cut 216 
through all stratigraphic units, and at the SE corner of the ridge they can be traced to below the 217 
depth of the BSR. The normal faults are, however, not associated with any amplitude anomalies 218 
along the fault traces, e.g. low-amplitude wipe-out zones or bright spots. No gas seeps can be 219 
seen at the breaching point of the normal faults with the seafloor. In order to further demonstrate 220 
the existence of normal faults across all stratigraphic units, we extracted horizon slices along 221 
characteristic layers seen across the 3D data coverage. These horizon slices are shown in the 222 
Appendix.  223 
4.3 Seismic wipe-out structures and gas migration pathways 224 
Vertical gas migration pathways, originating in stratigraphic Unit 1, appear as seismic wipe-225 
out zones that can be seen piercing through all overlying sedimentary units (Figure 2). However, 226 
in some incidences, the sequence boundary between Units 3 and 4 is a barrier for the pathways 227 
(e.g. Figure 2b), and bright-spots develop underneath the unconformity. Within the time-migrated 228 
seismic data, wipe-out zones are often associated with reflection pull-ups in the otherwise mostly 229 
sub-horizontal sedimentary strata of the shallower parts of the ridge. Due to a lack of detailed 230 
velocity control within these zones, we did not convert the time-migrated data to depth to further 231 
investigate the nature of these structures and the origin of apparent pull-up.  232 
The spatial relationship between the seep sites (defined at the seafloor) and the gas migration 233 
structures within the sediments is best visualized using time-slices through the similarity data 234 
volume, compared to the similarity of the seafloor reflection (Figure 6). The similarity time-slices 235 
(Figure 6) reveal that the acoustic wipe-out zones at depth are elongated structures that generally 236 
strike in the same direction, perpendicular to the trend of the ridge axis (Figure 5).  237 
It is not clear where within Unit 1 the root of these structures is located. Some of them extend 238 
beneath the base of the gas hydrate stability zone (or BSR), as visible in Figure 2b. However, 239 
underneath the seep structures at the crest of the ridge (Figure 2a) we cannot resolve the 240 
structures underneath the base of the gas hydrate stability zone due to accumulation of ascending 241 
gas.  242 
The lateral extent of the elongated low-similarity zones beneath the seep sites Piwakawaka, 243 
Riroriro, Pukeko, and North Tower can be traced perpendicular to the ridge over lateral distances 244 
as great as 1500 m (Figure 6). The orientation of the elongated low-similarity zones does not vary 245 
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from depth to near the seafloor (Figure 5, 6) where these features are no longer imaged (see 246 
Section 4.4 for details). 247 
Gas migration along the elongated zones can be seen in form of bright spots that develop 248 
throughout the sedimentary succession above the BSR. The bright spots are short (< 100 – 200 m 249 
wide) amplitude anomalies on individual seismic lines (e.g. Figure 2b) but are aligned parallel to 250 
the low-similarity elongated structures. Beneath the Riroriro vent site, a gas-related bright spot 251 
extends over a distance of ~750 m parallel to the low-similarity zone, with a width of ~100 m, as 252 
seen on a time slice at 1.575 s two-way time (Figure 7). Similarly, gas is aligned to both sides of 253 
low-similarity fracture zones at the same depth beneath the Pukeko vent site (Figure 8). The gas 254 
migrating upward has entered sedimentary layers, but the gas has not migrated laterally over a 255 
significant distance, but rather stays closely aligned to the fracture zones. The 3D seismic data 256 
show that gas migrates through the elongated structures and spreads out laterally closer to the 257 
seafloor, (e.g. Figure 7c, 8c and 9).  258 
4.4 Transition from elongated to rounded gas migration structures 259 
At shallow depths (between 20 – 30  mbsf), the elongated structures can no longer be seen 260 
seismically. However, the seismic data show zones of low similarity which are broader, almost 261 
rounded, patches close to the seafloor (Figure 9). The structural change of the pathways does not 262 
take place at a specific stratigraphic horizon nor at a constant depth below seafloor, and appears 263 
to be different at each vent site (Table 1). We report (a) the approximate depths below each vent 264 
where a transformation from predominantly elongated to more-dispersed migration pathways are 265 
detectable and (b) the depths where this transformation is completed, resulting in an almost 266 
circular pattern of low seismic similarity. We convert both depths to hydro- and lithostatic 267 
pressures as well as the effective pressure (defined as the difference between litho- and 268 
hydrostatic pressure). 269 
The shallow gas migration structures show signs of gas accumulation (Koch et al., 2015). 270 
These include gas trapping beneath relatively low-permeability horizons, overpressure 271 
accumulation, sediment doming and the subsequent development of methane seep sites. The 272 
pressure from a rising gas column resulting in doming and flexural bending of sedimentary layers 273 
was estimated to be in the order of 0.4 MPa at the Takahe vent, and 0.5 – 1.1 MPa at the Pukeko 274 
vent (Koch et al., 2015). At the seafloor, the seep sites extend laterally for 250 to 500 m (Klaucke 275 
et al., 2010). The similarity slice of the seafloor (Figure 6a) shows the surface texture at the 276 
seeps. The incoherent nature of the seafloor reflection around the seep sites is the result of 277 
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carbonate precipitates, which have been described from sidescan sonar data (Dumke et al., 2014; 278 
Klaucke et al., 2010). 279 
 280 
 281 
5. Discussion 282 
5.1. The nature of the elongated seismic anomalies 283 
Gas migration through vertical conduits at Opouawe Bank has been documented previously 284 
(Klaucke et al., 2010; Netzeband et al., 2010; Krabbenhoeft et al., 2013; Koch et al., 2015). 285 
Although these previous studies lacked the spatial information provided by the 3D survey, 286 
Krabbenhoeft et al. (2013) showed that chimney structures are offset with respect to the seeps 287 
observed at the seafloor.  288 
The similarity and amplitude time-slices through the 3D data volume (Figure 6, 7, 8) clearly 289 
show that the acoustic wipe-out structures in Opouawe Bank are elongated with the long 290 
dimension perpendicular to the strike of the ridge at depths greater than 100 ms TWT below the 291 
seafloor (Figure 5). Thus, gas migration through Opouawe Bank occurs along parallel elongated 292 
pathways, which is unusual as vertical fluid migration structures are usually concentric or elliptic 293 
(e.g. Husthoft et al., 2010). However, elongated pathways have been described for a conjugate 294 
Riedel shear zone at Omakere ridge, further north on the Hikurangi margin (Plaza-Faverola et al., 295 
2014) and were described in a similar setting off northern Cascadia (Riedel et al., 2002). We 296 
propose that elongation of the fluid migration structures is the result of the local stress regime 297 
within the anticlinal ridge, meaning that the shape of the fluid migration structures can provide 298 
information about the stress pattern. 299 
5.2. Implications for the stress regime 300 
On the margin scale, the relative motion between the Pacific and Australian plates is oriented 301 
approximately WSW-ESE (or striking at ~280°) (Figure 1) at the southern end of the Hikurangi 302 
subduction zone. Here, the margin-parallel component is accommodated by strike-slip faulting in 303 
the upper plate and by forearc block rotation (Beanland and Haines, 1998; Wallace et al., 2004; 304 
Wallace et al, 2012). The margin-normal component is mostly accommodated by the subduction 305 
thrust (Barnes and de Lépinay, 1997; Wallace et al., 2012). Opouawe Bank is one of the thrust-306 
faulted and folded anticlinal ridges parallel to the margin (Figure 1). Thus, the principal 307 
compressive stress at depth beneath Opouawe Bank is most likely perpendicular to the ridge axis 308 
– i.e. aligned in a NNW-SSE direction. 309 
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Formation of anticlinal ridges of limited lateral extent also leads to secondary longitudinal 310 
extension of the ridge due to gravitational forces and the flexure of the ridge (e.g. López et al., 311 
2010, Riedel et al., 2016a). Weinberger and Brown (2006) showed that in the upper 200 – 400 312 
mbsf local forces control the stress state of Southern Hydrate Ridge – i.e. a sub-vertical greatest 313 
principal stress (σ1). They infer that the topographic expression of the anticline structure controls 314 
this local stress state within the ridge, which drives extension. Similar observations were made 315 
from borehole breakouts off northern Cascadia (Riedel et al., 2016b). Extensional fracture 316 
alignment in a margin-normal sense (identical in nature to our observations at Opouawe Bank) 317 
accompanied with normal faulting parallel to the margin was also described based on PS splitting 318 
analysis along the northern Cascadia deformation front (Tonegawa et al., 2017).  319 
At Opouawe Bank the direction of longitudinal extension is oriented along the ridge axis in 320 
an ENE-WSW direction (Figure 5). Hence, the origin of the elongated gas migration structures in 321 
a NNW-SSE direction, cutting through all sedimentary units, is most likely the consequence of 322 
extensional faults and fractures developing as structures related to the longitudinal extension of 323 
the ridge. Furthermore, normal faulting at the SW flank of Opouawe Bank (Figure 3, 4), gullies at 324 
the SE flank, and translational landslide scars at the NW flank (Law et al., 2010) are all evidence 325 
of the gravitational forces acting on the ridge. This is similar to Hydrate Ridge and the 326 
observations by Weinberger and Brown (2006), where the topography of southern Hydrate Ridge 327 
leads to gravitational collapse of its top with similar landforms such as sediment slumping and 328 
normal faulting on its eastern flank. Therefore, like at Hydrate Ridge, it appears that the greatest 329 
principal stress at Opouawe Bank rotates from sub-horizontal on a regional scale to become sub-330 
vertical at the ridge top. 331 
One of the most intriguing observations within Opouawe Bank is the existence of two distinct 332 
orientations of normal faults (approximately ridge-perpendicular and ridge-parallel) in Unit 1, 333 
relatively deep beneath the seafloor in the most intensely-folded strata. The ridge-perpendicular 334 
normal faults that only occur within Unit 1 are an expression of the longitudinal extension that is 335 
also manifested in the elongated extensional fractures. The absence of these ridge-perpendicular 336 
normal faults in the overlying units indicates that this phase of longitudinal extensional 337 
deformation probably ceased prior to the deposition of Units 2, 3 and 4. The ridge-parallel normal 338 
faults, striking the same as the axis of folding within Unit 1, appear to be an expression of 339 
flexural extension caused by folding. The persistence of these ridge-parallel normal faults to 340 
shallower depths (i.e. occurring not only within Unit 1, but also in Units 2 and 3) indicates that 341 
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flexural extension of the ridge continued to a later stage than the longitudinal extension. Present 342 
day gas migration from Unit 1 (and possibly deeper) exploits the ridge-perpendicular fabric 343 
caused by longitudinal extension. 344 
5.3. Shallow focusing of fluid flow conduits 345 
At approximately 20 - 30 mbsf, the gas migration structures are no longer elongated but have 346 
changed into more circular pathways that culminate in ~circular seep structures (Klaucke et al., 347 
2010, Dumke et al., 2014). The transition starts at sub-seafloor depths varying from 60 to 120 348 
mbsf. As this change in geometry does not take place at a specific stratigraphic horizon, we 349 
conclude that it must be controlled by processes that depend on depth beneath the seafloor. The 350 
change from elongated to ~circular migration occurs more than 200 m above the base of the gas 351 
hydrate stability zone. Therefore, it is unlikely that the presence or absence of gas hydrates 352 
(which can strengthen the sediment matrix) causes this transition. Instead we propose that at 353 
some shallower sub-seafloor depth, the buoyancy force of free gas becomes more important for 354 
gas migration than the influence of existing tectonically-derived structures and local stresses and 355 
that the process of gas accumulation, overpressure build-up, doming, and eventually gas break-356 
through forms the approximately circular structures (Koch et al., 2015). With decreasing depth 357 
beneath the seafloor, the difference between hydrostatic pressure and lithostatic pressure of the 358 
overlying sediment column generally decreases. Gravity cores taken in the region show an 359 
average bulk density of 1765 kg/cm3 (Bialas et al., 2007; Koch et al., 2015), yielding effective 360 
pressures at the depths where the transition starts ranging from 0.4 to 0.85 MPa (Table 1). At the 361 
depths where the transition is completed to circular structures, the effective pressure ranges from 362 
0.09 to 0.23 MPa. These effective pressures are maximum values, as the actual in situ pore 363 
pressure acting on the system is unknown. However, the magnitude of these pressures are within 364 
the range of values calculated by Koch et al. (2015) required for gas pockets to form doming 365 
structures beneath these vents. Thus, it is conceivable that gas pressure may be high enough to 366 
overcome the local effective pressures and create their own buoyancy-driven pathways to the 367 
seafloor, unconstrained by any of the regional stresses and stratification.  368 
We therefore propose that the gradual lowering of the differential stress (σ1 - σ3) is the 369 
dominant mechanism behind the de-focusing of flow; i.e. from elongated flow into sub-circular 370 
features. That is, the upward pressure driven by buoyancy of the gas can exceed the confining 371 
pressure without the need for large-scale structures (i.e. the elongated fractures seen at greater 372 
depths), meaning that buoyancy-driven gas migration dominates.  373 
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5.4.  Diversity of seep structures at the Hikurangi margin 374 
Numerous active cold seeps occur on the crests of major accretionary ridges at the Hikurangi 375 
subduction margin (Greinert et al., 2010; Barnes et al., 2010). At Omakere Ridge, different fluid 376 
migration systems exist, affected by shear, compression and extension in a complex deformation 377 
regime (Plaza-Faverola et al., 2014). Plaza-Faverola et al. (2014) identified four gas migration 378 
systems, with two linked to seafloor seepage. One system was described as closely spaced 379 
parallel conduits with elliptical shapes that they referred to as chimneys. These structures are 380 
similar to a certain degree to the observed structures on Opouawe Bank, but the structures at 381 
Omakere Ridge were interpreted to be conjugate Riedel shear zones rather than zones of 382 
extensional fracturing. Normal faulting at Omakere Ridge, at least within the area imaged by 3D 383 
seismic data, appears to be limited to ~ridge-parallel faults that have formed in response to 384 
flexural extension of the ridge crest (Plaza-Faverola et al. 2014). These ridge-parallel normal 385 
faults are therefore similar to those we identified beneath Opouawe Bank. Unlike at Opouawe 386 
Bank, the 3D seismic data from Omakere Ridge did not reveal ridge-perpendicular extensional 387 
faults. However, extensional structures perpendicular to the strike of accretionary ridges 388 
(although without associated gas migration) have been observed at the northern Cascadia margin, 389 
where parallel normal faults resulting from longitudinal extension have formed in the direction of 390 
the least compressive stress (López et al., 2010; Riedel et al., 2016b). 391 
Rock Garden is another ridge further north on the Hikurangi margin that is influenced by 392 
uplift and extension. Crutchley et al. (2010) showed that gas migration beneath Rock Garden is 393 
connected to structural deformation, sedimentary fabrics and the gas hydrate phase boundary. 394 
The different seep sites are charged either through faults and chimneys, or along the underside of 395 
the gas hydrate stability zone, or along highly permeable layers that pass through the GHSZ. 396 
Generally, gas migration beneath Rock Garden appears to take place along a northwest-dipping 397 
sedimentary fabric. 398 
The wide variety of structural styles found at Opouawe Bank, Omakere Ridge, and Rock 399 
Garden demonstrates the variability of geological processes and local stress regimes that 400 
influence fluid flow within a subduction zone. Our observation of elongate fluid migration 401 
structures is rare in a global context, but as few high-resolution 3D seismic datasets exist in the 402 
public literature at active subduction zones it is possible that such structures are more common 403 
than thought. 404 
5.5. Implications for petroleum exploration 405 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
14 
 
The widespread occurrence of gas in the Pegasus and East Coast basins has attracted much 406 
petroleum exploration, in particular since 2013. Because these basins straddle the active 407 
Hikurangi subduction margin, any future exploration or production drilling will require careful 408 
consideration of both regional and local tectonic stress regimes, as well as pore fluid pressure. 409 
Strong gas-shows and high fluid pressures in East Coast wells underscore both the petroleum 410 
potential and exploration safety issues (Darby and Funnell, 2001; Uruski et al. 2005). It is 411 
unknown to what extent the deformation fabrics of Opouawe Bank could be representative of 412 
other accretionary ridges on this part of the margin, such as the close-by Pahaua Ridge and 413 
Palliser Bank. We speculate that similar deformation fabrics probably occur at these ridges, but 414 
3D seismic data would be required to test this inference. 415 
Results of this study have important implications for understanding local stress fields and 416 
fluid migration, and how they evolve with depth beneath the seafloor. The two dominant sets of 417 
normal faults we identified show how accretionary ridges like Opouawe Bank, in a deforming 418 
accretionary wedge, can undergo both ridge-parallel and ridge-perpendicular extension. The fact 419 
that just the ridge-parallel faults are currently exploited for focused fluid flow provides new 420 
insight into the orientation of the local stress tensor beneath the ridge. The elongated fluid flow 421 
structures at depth also highlight the fundamental role of tectonic stress in generating migration 422 
pathways; it is only at relatively shallow depths beneath the seafloor that these structural fabrics 423 
are abandoned in favor of narrow, circular or sub-circular, focused flow pathways that are 424 
maintained by gas pressure. More generally speaking our study shows how high-resolution 3D 425 
seismic data can provide constraints on the local stress field without the need for drilling and 426 
conducting break-out tests. As such analysis of tectonic structures visible in high-resolution 3D 427 
seismic data can improve drilling safety, and contribute to regional geological models without 428 
costly experiments.  429 
 430 
 431 
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6. Conclusions 438 
On a regional scale, the deep stress regime on the Hikurangi margin that drives the formation 439 
of anticlines like Opouawe Bank is controlled by oblique subduction of the Pacific Plate 440 
underneath the Australian Plate. That is, the greatest compressive stress (σ1) is in a sub-441 
horizontal plane. On a local scale, the stress regime around the top of Opouawe Bank is altered 442 
such that σ1 migrates to be sub-vertical. High resolution 3D seismic data from Opouawe Bank 443 
reveal that, in this local stress field, normal faults have formed in response to both ridge-444 
perpendicular and ridge-parallel extension. We interpret that bending of layers (i.e. flexural 445 
extension) and gravitational forces have contributed to the formation of these extensional fabrics. 446 
Present day gas migration through the GHSZ has exploited ridge-perpendicular extensional 447 
structures, rather than the ridge-parallel structures. 448 
Our analysis of the gas migration pathways through Opouawe Bank shows that their 449 
geometry varies with depth, including the unusual observation of elongated, parallel structures 450 
below 75 - 100 mbsf. We conclude that a transition from elongated structures at depth to more 451 
concentric structures in the shallower sediments results from the declining differential stress that 452 
occurs as depth below seafloor decreases. When differential stress is sufficiently low in the 453 
shallow sediments, buoyancy-driven gas migration dominates. In other words, the existing 454 
elongated structural pathways at depth (formed by ridge-parallel, ‘longitudinal’ extension) are 455 
required for gas to ascend through the deeper parts of the GHSZ. As the gas reaches shallower 456 
sub-seafloor depths, gas buoyancy is able to overcome overburden stresses which results in the 457 
generation of more circular migration pathways that extend to the seafloor seep sites. 458 
Our 3D seismic data provide new insight into the complexity of gas migration processes in 459 
deforming accretionary ridges. In particular, our results highlight the diminishing importance of 460 
inherited tectonic structures for sub-seafloor gas migration as gas gets closer to the seafloor. 461 
 462 
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Figure captions 720 
 721 
Figure 1. a) Bathymetric map showing the location of Opouawe Bank at the Hikurangi margin, 722 
offshore New Zealand. Geological structures are from Wallace et al. (2012). Blue arrow shows 723 
the relative plate motion vector of the Australian and Pacific plates at the southern North Island, 724 
with most of the margin normal component of the plate motion occurring on the subduction thrust 725 
and the margin parallel component as a combination of strike-slip faulting and forearc rotation 726 
(Wallace et al., 2012 an references therein). Red arrows display the modeled relative motion (in 727 
mm/yr) between tectonic block boundaries in the east and the Pacific plate (Wallace et al., 2012). 728 
BBF = Boo Boo Fault; OUF = Opouawe-Uruti Fault; PF = Pahaua Fault. (b) Location of seep 729 
sites (white stars) on Opouawe Bank: 1 = Piwakawaka; 2 = Riroriro; 3 = Pukeko; 4 = North 730 
Tower; 5 = South Tower; 6 = Takahe; 7 = Takapu; 8 = Tete. The yellow rectangle displays the 731 
outline of the 3D seismic volume and the black lines indicate the location of the 2D MCS data 732 
(Figure 2). 733 
 734 
Figure 2. a) Northern Line 1, b) southern Line 2, both along the main seep sites on Opouawe 735 
Bank, and (c) crossing 2D seismic Line 3 perpendicular to (a) and (b) displaying the gas 736 
migration pathways through the ridge. These pathways appear as vertical conduits of limited 737 
extent on the 2D seismic. Figure 5 displays their spatial structure to be elongated across the ridge. 738 
Sequence boundaries are shown as dotted lines. [BSR = Bottom Simulating Reflector] 739 
 740 
Figure 3. (a) Amplitude time slice and (b) similarity time slice at 1.834 s (two-way time) 741 
showing detailed structure of normal faults within stratigrahic Unit 1 with two sets of strike 742 
orientation. Note: for the similarity plot, high coherence is white, low coherence is black. The 743 
NNW-SSE trending set of faults are parallel to the more-prominent elongated structures that form 744 
the gas migration pathways at the centre of the ridge fold axis. (c) Crossline 2583 depicting 745 
stratigraphic units 1 – 4. Red horizontal line is depth of time slice shown in (a) and (b).  746 
 747 
Figure 4. (a) Amplitude time slice and (b) similarity time slice at 1.67 s (two-way time) showing 748 
detailed structure of normal faults within stratigrahic Units 2 - 4 with only one dominant strike 749 
orientation (ENE – WSW). The NNW-SSE trending zones of fracturing (elongated structures) 750 
forming gas migration pathways occur at the centre at the ridge. (c) Crossline 2583 depicting 751 
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stratigraphic units 1 – 4. Red horizontal line is depth of time slice shown in (a) and (b). Note: for 752 
the similarity plot, high coherence is white, low coherence is black. 753 
 754 
Figure 5. Rose diagrams depicting the dominant strike direction of normal faults (blue) and 755 
elongated structures (black) in all four stratigraphic units. Ridge-strike direction (70-75°) is 756 
indicated in grey color. Direction of plate convergence at Opouawe bank is ~280°. he rose 757 
diagrams show the statistical spread of azimuthal values of individual fault segments only, not the 758 
length of fault segments themselves. Orientations were picked from horizon slices shown in the 759 
Appendix.  760 
  761 
Figure 6. Comparison of similarity attribute extracted from the 3D seismic data volume over a 40 762 
ms thick window length. a) similarity extracted at the seafloor, b) time slice at 1.64 s two-way 763 
time (TWT), (c) time slice at 1.74 s TWT, and (d) time slice at 1.84 s TWT. On all slices, the 764 
locations of vent sites as defined from side-scan sonar backscatter imagery (Klaucke et al., 2010) 765 
are indicated by red-colored polygons. Sequence boundaries between the units are indicated by 766 
yellow dashed lines. Direction of plate convergence at Opouawe bank (~280°) is indicated by 767 
black arrow. 768 
 769 
Figure 7 Example of gas migration at the Riroriro vent (lateral extent at seafloor defined 770 
from backscatter is indicated by red polygon): (a) time slice of reflection amplitude extracted at 771 
1.575 s two-way time showing elongated bright spot (length ~ 750 m, width ~ 100 m) indicating 772 
free gas (b), seismic similarity at same depth showing orientation of fluid-flow structure with low 773 
similarity striking at ~345°, (c) inline 2311 connecting the four vent sites Piwakawaka in the SE 774 
to North Tower in the NW of Opouawe bank.   775 
 776 
Figure 8 Example of gas migration at the Pukeko vent (lateral extent at seafloor defined 777 
from backscatter is indicated by red polygon): (a) time slice of reflection amplitude extracted at 778 
1.575 s two-way time showing two parallel elongated bright spots (length ~ 330 m, width ~ 50 779 
m) indicating free gas (b), seismic similarity at same depth showing orientation of abroad fluid-780 
flow structure with low similarity striking at ~345°, (c) inline 2311 connecting the four vent sites 781 
Piwakawaka in the SE to North Tower in the NW of Opouawe bank.   782 
 783 
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Figure 9 Near-seafloor distribution of free gas beneath vent sites within 3D seismic data 784 
volume visualized by seafloor-parallel slices 20 ms two-way time (~20 meter) of (a) reflection 785 
amplitude and (b) seismic similarity. Zones of low similarity and high amplitude are surrounded 786 
by black dashed lines indicating a broad and no longer elongated distribution of free gas (and 787 
potential carbonate). Lateral extent of the vents at the seafloor as defined from backscatter 788 
(Klaucke et al., 2010) are shown by red polygons, further showing an additional focusing and 789 
lateral deviation of gas migration. At this depth no elongated structures can be identified, which 790 
is in stark contrast to Omakere Ridge (Plaza-Faverola, 2012).   791 
 792 
Figure 10. Sketches (not to scale) display Opouawe Bank in relation to the regional tectonic 793 
regime (a) and the local stress regime of the ridge (b). The elongated gas migration structures are 794 
the result of an anisotropic stress regime within the central portion of the anticlinal ridge. The 795 
thrust-faulted and folded accretionary ridge (a) is a result of a sub-horizontal greatest 796 
compressive stress (σ1). Here, over pressure is high, resulting in upward migration of fluids and 797 
gas. Ridge-perpendicular and longitudinal extension around the ridge top, which opens pathways 798 
for fluid and gas migration, are manifestations of σ1 rotating to sub-vertical at a local scale.  799 
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Appendix 1 809 
Deghosting of the 3D P-Cable Data 810 
Seismic receiver ghost signals of the 3D P-Cable data could not be removed with 811 
conventional approaches due to the variable depth of the receivers ranging from nominal 2m 812 
down to 8m. The reason for this large variation is a sag of the central part of the cross-cable as 813 
well as the connected individual streamers, depending on ship speed and local currents (Figure 814 
A1b). 815 
A seismic reflection arriving from below is recorded twice at the P-cable receivers, first as 816 
a direct pulse, and after reflection at the sea-surface as a ghost (Figure A1a). The direct pulse 817 
reaches the deep central streamers first, and the shallow streamers at the end at last. The receiver 818 
ghost wave exhibits the opposite behavior, with a delay proportional to the water depth of the 819 
receivers. In a shot recording, both arrivals form bow-shaped events that combine into elliptic 820 
pearl-shaped patterns (Figure A1c, d). Crosslines covering several shots show these reflections as 821 
“pearl-necklaces” (Figures A2a, b). 822 
The processing strategy to remove these pearl-shaped ghost artifacts is based on an 823 
automated identification of the prominent water bottom reflection and analysis of the composite 824 
signals formed by direct and ghost reflections. Individual wavelet convolution filters predict and 825 
remove the variable ghost signals. Individual time corrections remove the bow-shaped time shifts 826 
due to variable receiver depths, thus yielding the desired high data resolution (see comparison of 827 
raw data and data with deghosting applied, Figure A2a-d).   828 
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Appendix 1 Figures 841 
Figure A1: The sketch a) indicates the separation or interference of seismic source signals with its 842 
ghost reflections from the sea surface on the source and receiver sides, with dependence on the 843 
depth of the receiver. The streamer depths of a shot recording vary according to the blue curve in 844 
b) which causes a systematic pattern. This is more obvious in the shot recording c) with the 845 
seismic signals from all 128 channels, where each group of 8 channels belongs to an individual 846 
streamer. The combined signals of adjacent shots produce the ‘pearl-necklace’ pattern d), which 847 
is also visible in the stacked cube shown in Fig. A2. 848 
 849 
Figure A2: The benefit of the special deghosting is most obvious in the comparison of stacked 850 
time sections (inline 2030) a) before and b) after the deghosting, where the ‘pearl-necklace’ 851 
structures indicated by the arrows have been removed. Also the footprint, clearly visible in the 852 
time-slice view (taken at 1.2 s two-way time) of the 3D data cube c) before deghosting, is 853 
efficiently reduced in the corresponding time-slice d) after deghosting. 854 
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Appendix 2 873 
Horizon slices extracted from each of the four stratigraphic units. 874 
Figure A3  Crossline 2508 depicting location of horizons within the four units. Boundaries 875 
between the units are shown by black dashed lines. A mass-transport deposit (MTD) is seen at the 876 
NE corner of the data. The bottom-simulating reflector (BSR) at the base of the gas hydrate 877 
stability field is indicated by a dotted line.  878 
Figure A4  Horizon slice of a layer (a) within Unit 1, and (b) within Unit 2. 879 
Figure A5  Horizon slice of a layer (a) within Unit 3, and (b) within Unit 4. 880 
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Table 1 Depths of transition from elongated to sub-rounded (i.e. ~equal width-length 
ratios) gas migration pathways at the five vent sites imaged within the 3D P-cable data 
(measured in ms two-way time (TWT) and converted to meters below seafloor (mbsf) using a 
constant velocity of 1550 m/s at shallow depth and 1600 m/s for greater depths, based on the 3D 
velocity model used for migration). We defined lithostatic pressure (Plith) using an average 
sediment bulk density of 1765 kg/m3 (Bialas et al., 2007; Koch et al., 2015) and hydrostatic 
pressure (Phyd) using a water density of 1030 kg/m3.  
Vent Site Piwakawaka Riroriro Pukeko North 
Tower 
South 
Tower 
Water depth (m) 1085 1060 1045 1035 1040 
Depth at start  of 
transition (ms / mbsf) 
71 / 57 116 / 93 147 / 
118 
68 / 54.5 105 / 84 
Depth of completed  
transition (ms / mbsf) 
42 / 32.5 27 / 21 37 / 28.5 34 / 26 25 / 19.5 
Phyd at start of  
transition (106 Pa) 
11.54 11.65 11.75 11.01 11.36 
Plith at start of 
transition (106 Pa) 
11.95 12.32 12.60 11.40 11.96 
(Plith - Phyd) at start of 
transition (106 Pa) 
0.41 0.67 0.85 0.39 0.6 
Phyd at complete 
transition (106 Pa) 
11.29 10.92 10.85 10.72 10.76 
Plith at complete 
transition (106 Pa) 
11.52 11.07 11.05 10.91 10.85 
(Plith - Phyd) at 
complete transition 
(106 Pa) 
0.23 0.15 0.2 0.19 0.09 
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Highlights to manuscript: 
“Elongate fluid flow structures: Stress control on gas migration at Opouawe Bank, New 
Zealand” by Michael Riedel, Gareth Crutchley, Stephanie Koch, Christian Berndt, Joerg 
Bialas, Gerald Eisenberg-Klein, Jürgen Prüßmann, Cord Papenberg, and Dirk Klaeschen 
 
- Elongated fault structures are conduits for focused fluid flow 
- Gas migration occurs only along a sub-set of faults across Opouawe bank 
- Stress state deduced from 3D fault structures appears partially stratigraphically controlled 
 
 
 
 
